. In this study, we focused on the transport of particulate matter and its interaction with vegetative buffers, though our findings may implicate all pollutants emitted from AFOs.
Particulate matter, which consists of fecal matter, feed particles, and feather and epidermal fragments, is known to cause adverse health effects when inhaled (EPA 2009).
In addition, it is well documented that particulates emitted from AFOs transport odorous compounds downwind (Burnett 1969; Hammond et al. 1979 Yang et al. 2014) . Odor creates a burden on communities and induces stress, and the complaint of odor is common amongst communities residing near AFOs (Wing et al. 2008; NRC 2003) . Odor itself has been shown to cause adverse health effects, including eye, nose, and throat irritation, nausea, cough, shortness of breath, and alterations in mood (Schiffman 2000) . A clear need exists to reduce particulate and associated odor emissions from AFOs. To serve this need, several post-emission mitigation strategies have been employed to absorb or deflect particulate emissions (Ni 2015) . Vegetative environmental buffers (VEBs) are one technology commonly used.
Vegetative Environmental Buffers (VEBs, otherwise known as shelterbelts) are strategically placed rows of trees and shrubs that help control particulate emissions from AFOs to the atmosphere. VEBs are highly regarded for their ability to: (1) enhance vertical mixing in the atmosphere, leading to dispersion and dilution; (2) filter particles mechanically by acting as a porous media; (3) precipitate particles by reducing wind speed; and (4) improve producer-community relations by providing a visual and noise barrier (Tyndall and Colletti 2007; USDA NRCS, 2007) . In a recent survey in Iowa (Tyndall 2009 ), 52% of farmers reported currently using or expressed interest in using VEBs specifically to mitigate odor. With a growing demand for VEBs, it is critical that the understanding of the technology outpaces its application, so that extension services can be carried out adequately (Tyndall 2009 ).
At this point, our knowledge of VEB efficacy is lacking, and there is a need to quantify and document VEB performance. Due to the complex processes involved in a functioning VEB (1-4 described above), it is difficult to quantify VEB "performance".
The VEB capture efficiency (percent of particulates retained by the VEB) is one simple measure of VEB efficacy. Capture efficiency measures only the effect of particulate trapping and neglects dispersion, dilution, and psychological effects. In this study, we conducted a field campaign to estimate VEB capture efficiency.
Estimating the VEB capture efficiency is difficult, because it requires emission rate measurements both upwind and downwind of a VEB. Conventional methods of measuring emission rates employ point sensors (Wang-Li 2013) to measure pollutant concentrations and flow rates. Sensors are placed at either an outlet point or some distance downwind of a facility. Emission rates (mass per time) are computed by multiplying concentration by flow velocity. When measuring at the outlet of a confined, tunnel-ventilated facility, this practice is straightforward . However, in an open environment downwind of a VEB, it is more difficult to measure emission rates, since both concentrations and flow rates become significantly less uniform and more complex.
To compensate for the complexity, some researchers deploy arrays of timeintegrating samplers over a large area. The sample points are often processed through spatial interpolation methods such as kriging (Carletti et al. 2000; Zirschky 1985) , or by fitting a dispersion model (Jones et al. 2012; Faulkner et al. 2007 ). However, optimizing sensor placement poses a challenge, and spatiotemporal geostatistical techniques for accurately placing monitors and interpolating measurements are lacking (Bunton et al. 2007 ). Furthermore, plumes emitted from animal production facilities have been shown to exhibit non-Gaussian dispersion and periodic lofting as a result of turbulence fields disrupted by the facilities themselves. In some cases, plumes reach up to 40 m above the ground surface, well above most sampling towers (Prueger et al. 2008; Holmén et al. 1998 ).
As a result of the complexities in estimating emission rates, few researchers have attempted to quantify VEB performance (Table 1) . Wind tunnel studies (Laird 1997; Thernelius 1997 ) have proven useful for examining the entire plume extent to determine the capture efficiency in a laboratory setting. Field campaigns (Parker et al. 2012; Hernandez et al. 2012; Malone et al. 2006; Lin et al. 2006) have offered knowledge about a more realistic environment. However, these campaigns have used either point sensors or trained human panelists. Point measurements can only help quantify particulate or odor reduction between the specific locations where they are placed. An observed reduction in particulate count may be the result of the combined effects of dispersion, lofting, VEB capture, and a shift in the plume's trajectory. Therefore, experiments using point measurements have not estimated the total mass capture efficiency. Parker et al.
(2012) recognized this deficiency and concluded that investigation into the differences between the various effects is warranted to fully understand VEB performance. Laird (1997) and Thernelius (1997) 35-56% reduction in particulate mass
Open-circuit wind tunnel, using digital imaging to relate brightness to dust deposition Lin et al. 2006 68% reduction in odor 117m downwind Trained human panelists Lidar (light detection and ranging) has been used to obtain spatially-resolved estimates of particulate emission rates (Bingham et al. 2009; Lewandowski 2009) . In this study, we adapted the lidar technique to estimate VEB particulate capture efficiency. The methodology presented herein addresses deficiencies in the existing techniques discussed above, and the results presented add to the lacking body of research documenting VEB capture efficiency.
CHAPTER 2. EXPERIMENTAL SITE & EQUIPMENT

Experimental Site
The study took place at the broiler house at the University of Delaware Carvel At the time of this study, the facility contained no chickens, and the exhaust fans were off. A surrogate particulate, kaolinite dust (Al 2 Si 2 O 5 (OH) 4 ), was released at a known rate outside the facility and inside of the VEB. The dust was released continuously for six different runs, each ranging 3-6 hours in length, and each release was conducted at different distances from the inside edge of the VEB (Table 2) 
Lidar System
The University of Iowa's elastic scanning lidar ( Figure 2 ) utilizes a laser, telescope, photo detector, and computer to measure the backscatter of light from suspended particulates. The lidar operates by emitting a pulse of infrared laser light (wavelength λ = 1.064 μm) into the atmosphere. Particulates interact with the pulse and scatter a fraction of the light back to the telescope. The scattering is elastic, so no energy is lost by the photons, and the detected light is at the same wavelength as the emitted light. The measured backscatter is related to the total extinction (backscatter + absorption) by a power law (Klett 1981; Klett 1985) :
where  is the backscatter coefficient, R is the distance from the lidar to a given sampling volume (m), B 0 is a scaling factor,  is the extinction coefficient (km -1 ), and k is a power constant (assumed to be 1.0 in the lower atmosphere). The extinction coefficient is the variable of interest for lidar measurements. It is a measure of the energy lost in the beam per unit path length and is proportional to the particulate concentration.
A detailed description of the specifications of the elastic lidar is shown in Table 3 and can be found in Kovalev and Eichinger (2004) . 
CHAPTER 3. DATA ANALYSIS METHODS
In this section, the technique is presented for inverting lidar, wind, and particulate size data into capture efficiency. The analysis presented below was performed for all six runs. Each variable needed to calculate capture efficiency was time-averaged over the run duration, yielding six total estimates. In the methodology described hereafter, overbars ( ) indicate time-averaging over the run duration.
Particulate Size Distribution
Particulate size distributions (PSDs) were required to obtain mass extinction efficiency, a parameter needed to invert extinction coefficients to mass concentration. 
11 where  w is the density of water with a value of 1 g cm -3 ,  p is the particle density (g cm -3 ), and  is the dynamic shape factor (dimensionless). The kaolinite dust density was determined to be 2.8 g cm -3 , consistent with the supplier's specification.
Lidar Signal Inversion
The Klett method (Klett 1981; Klett 1985; Krichbaumer and Werner 1994; Kovalev and Eichinger 2004) was used to invert the relative backscatter power  , R P measured by the lidar, to extinction coefficients at various ranges from the lidar
where
is an assumed extinction coefficient at a range 0 R . Using the lidar in scanning mode allowed range resolved extinction coefficients 
where r is the radius of the particle (m). Rearranging Equation (5), the product of the particle cross-sectional area and the Mie extinction efficiency for each of the particles integrated over the entire size spectrum results in the inferred particulate extinction coefficient expressed as:
where   r n (m -3 ) is the number of particles of a given particle radius in the sampled volume of air and represents the PSD averaged over the run duration. Knowing the PSD and particle density 
Equation (8) 
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Wind Profile Modeling
To calculate the emission rate through the VEB, the mean wind speed perpendicular to the VEB ( u ) was required at all (x,z) for which mass concentration was known. Wind speed was only measured at three points, so some wind speed modeling was implemented. The wind speed profile was first assumed horizontally homogeneous and therefore a function of height alone. For heights below the highest anemometer (8.9 m), u was linearly interpolated between the three sonic anemometer measurements, with zero wind speed assumed at the surface. For heights above 8.9 m, Similarity Theory (Monin and Obukhov 1954) was used to estimate the wind speeds at the corresponding lidar scan heights:
where U is the resultant horizontal wind speed (computed from u and v velocity components) (m s -1 ), u* is the friction velocity (m s -1 ), K is von Karman's constant 0.40 (dimensionless), d 0 is the displacement height (m), and z0 is the aerodynamic roughness height (m). The friction velocity is the surface momentum flux expressed in terms of velocity units and is defined by:
where u, v, and w are the 3 components of the wind velocity (m s -1 ); primes denote deviations about the 10-minute mean of the velocity components, and overbars denote 10-minute mean values. d 0 was assumed to be 64% of the tree height (9 m), or 5.8 m (Cowan 1968; Stanhill 1969) . z0 was calculated empirically by rearranging Equation (10) to solve for z0 at the highest anemometer.
The parameters ( u* and z0 ) in Equation (10) are based on the resultant horizontal wind speed. In order to model the perpendicular wind profile ) (z u , a correction for wind direction was needed:
where the subscripts indicate that the correction is performed at the highest anemometer, 8.9 m above the ground surface. For each run, a unique wind profile was constructed. Figure 6 contains an example of the perpendicular wind profile for run 6.
Emission Rate and Capture Efficiency
Mass concentrations were multiplied by the perpendicular wind speeds to obtain mass fluxes F x z ( , ) (mg m -2 s -1 ) through the measured plane:
Flux estimations were multiplied by the area in the (x,z) plane of each sample volume and then summed in order to obtain emission rates ER (mg s -1 ) :
The area of interest, as expressed in Equation (14) 
where m e is the total mass emitted from the VEB during the run (g), m r is the total mass released upwind of the VEB during the run, RR is the release rate upwind of the VEB (mg s -1 ), and T is the total run time (s). A summary of the method is shown in Figure 6 .
Figure 6. Visualization of method for determining capture efficiency. Spatially-resolved concentrations (left) are multiplied by the perpendicular wind speed profile (middle), cross sectional areas, and total run time to obtain a spatially-resolved map of the total mass emitted from the VEB (right). The masses are integrated over the spatial domain and compared with the total mass released to determine capture efficiency (bottom).
CHAPTER 4. UNCERTAINTY ANALYSIS
Lidar Signal Inversion Uncertainty
The uncertainty in the transformation of the raw lidar signal into extinction coefficients propagates to the capture efficiency estimation. Klett's Lidar inversion algorithm (Equation (3), rewritten below for reference) contains 4 major sources of uncertainty which propagate to the extinction coefficient  
The first source is the average fractional uncertainty of the range corrected lidar measurement,   2 R R P in the numerator. This uncertainty is related to the signal to noise ratio of the system and is evaluated at the average range, AVG R which in this case is about 440m. The nature of the R 2 correction to the lidar measurements implies that this uncertainty tends to be smaller closer to the lidar and greater further away from the lidar. The root mean square noise level is less than 10 mV out of approximately 900 mV at a range of 440 m, with closer ranges having less uncertainty and longer ranges having more. The uncertainty from this source is estimated on average at 1% for this application.
The second source of uncertainty in the lidar inversion is related to the uncertainty of the integral in the denominator of Equation (3), which is a function of how many lidar measurements are summed. For a clear atmosphere, the integral in the denominator in Equation (3) 
The third source of uncertainty in the inversion is linked to the value of the known extinction coefficient, 0  , at the distance 0 R . In this study, we have assumed that the atmosphere is relatively clean in areas far from the facility, so that the assumed extinction is mostly molecular. This assumption is checked by examining the extinction coefficients before and after the plume. These extinction coefficients should be approximately the same; if they are not, the initial estimate was in error. We estimate the uncertainty of the assumption of 0  at 5%. Again we note that the two terms in the denominator are of comparable size. This leads to an overall uncertainty in the extracted extinction coefficient of about 2.5%.
The fourth lidar inversion related source is the uncertainty of the actual value of the range corrected lidar signal at the location of the estimated extinction, 0
. The uncertainty of the signal in far range is estimated to be 5%, which results in a 2.5% contribution in the extracted extinction coefficients.
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Combining the above inversion uncertainties in quadrature results in 4% overall uncertainty (assuming the independence of the sources of error). This value is unusually small and is due to the particular conditions in this problem. Most of the contributing data was located near the VEB and close to the lidar where the accuracy and repeatability of the measurement is high and allows a higher quality estimate of the far range given run are remarkably consistent. Because MEE is a ratio of two averages, changes in PSD must be significant to change the MEE appreciably.
Another source of the uncertainty was the assumption of the particle density (assumed to be 2.80 g cm -3 for this analysis). While the literature reports up to 70% spread in the values of the biogenic particle density from a widely accepted average value of 1 g cm -3 (Murphy et al. 2004; Wang and Walter 1987) , the kaolinite dust used here is well characterized. The uncertainty associated with the density of the released particulates was chosen to be of order 2%. The overall uncertainty associated with MEE estimates was 4%.
Wind Analysis Uncertainty
We distinguish two sources of error related to the wind speed estimates. The first error contribution comes from the modeled vertical wind profile, and the second comes from the difference in the wind profile at the location of the measurements and the wind profile at the location of the lidar scans. There is no established method to determine the uncertainty of a modeled wind profile. The uncertainty is assumed to be 10%. This estimate is likely high, as the wind velocity was measured at three heights. However, large turbulent structures and non-logarithmic vertical profiles are often generated near a VEB, so this estimate represents the complexity associated with vertical profiles in close proximity to a VEB.
To assess the uncertainty associated with the wind profile measurement location, the differences in the estimates of capture efficiency between slices 1 and 2 are examined. We conservatively attribute all differences in capture efficiencies between slices 1 and 2 in a given run to the change in the wind profile between the two slices and the measured wind profile. Fractional differences in capture efficiency between slices 1 and 2 averaged 17%.
Capture Efficiency Uncertainty
Combining the lidar, MEE, and the wind analysis uncertainty, the overall uncertainty of the emission rates estimate from this study is given by: The capture efficiencies ranged between 21 and 74% amongst the six runs (Table   4 ). The performance of the VEB varied based on time of day. The VEB captured a larger fraction of particulates during the night and a smaller fraction during the day (Figure 8 ).
Five of the six runs were performed during the day, one at night. Since sampling times were non-uniformly distributed amongst a 24-hour period, the average diurnal capture efficiency was not determined. It is more appropriate to report the range of 21 to 74% based on this data. A wide range of capture efficiency illustrates the complex dynamics associated with VEBs. 
Factors Influencing Capture Efficiency
Several variables influenced the capture efficiency, including the wind speed and direction, turbulence intensity, and release position. All of these variables changed between and during runs. With only six observations and no single variable held constant, it was difficult to precisely quantify the influence of each variable on capture efficiency.
However, some general tendencies were observed. 
Turbulent Kinetic Energy
Turbulence has been shown to dominate transport from AFOs to the surrounding atmosphere (Prueger et al. 2008) , and it is likely that turbulence contributed to the VEB performance. Turbulent kinetic energy (TKE) is a measure of the energy embedded in the turbulent component of the wind per unit air density (m 2 s -2 ):
where u,v, and w are the wind velocity components, overbars denote mean values, and primes denote fluctuations about the mean values. TKE within the VEB is primarily produced mechanically, and mechanical production is augmented by buoyant processes.
As the mean wind advects over the facility, it encounters bluff-body obstacles. A range of shear forces develop, and three-dimensional turbulent eddies result. Surface fluxes (sensible and latent heat) also contribute to TKE production. Daytime surface heating creates density inversions in the surface layer, and vertical motion results, enhancing TKE production within the VEB. Conversely, nighttime surface cooling generates a stably stratified layer which degrades TKE.
This experiment was performed within the roughness elements (the buildings and trees) of the atmospheric surface layer, where mechanical generation of TKE is expected to dominate; there is experimental evidence that supports this expectation. Mechanical TKE production is highest during windy time periods, as greater shear forces develop from larger velocity gradients near the surface. Buoyant production depends on the surface sensible and latent heat fluxes significantly more than the wind speed. Therefore, in a mechanically dominated regime, a strong relationship between TKE magnitude and wind speed should exist, and the spread should be minimal. Indeed, this experiment demonstrated such a relationship ( Figure 9 ). The VEB least effectively removed particulates during the daytime runs (capture efficiency = 47 ± 14 %, n = 9), when TKE was relatively high-ranging from 1.3 -1.9 m 2 s -2 at 9 m above the surface. The VEB was most effective during the nighttime run (capture efficiency = 73 ± 1.5 %, n = 2), when TKE was relatively low (0.32 m 2 s -2 ). The VEB therefore performed best during times with lesser turbulence. Since the wind speed was well-correlated with TKE, the VEB also performed best during times of slower wind speeds.
Periodic Lofting
Turbulence may have contributed to periodic lofting. A series of scans is presented in Figure 10 , where plumes are shown to rise well above the 9 m tall VEB.
During these events, there is no interaction between the plume and VEB, and none of the 
Release Distance
VEB design considerations include height, thickness, porosity, tree species, and orientation. Research investigating the effect of each of these variables on capture efficiency is limited. In this study, we varied the release distance from the VEB in an effort to determine a recommended distance VEBs should be built from the facility. Due to the varying nature of atmospheric conditions throughout the day, it is appropriate to contrast results obtained at the same time of day under similar atmospheric conditions. Runs 1 and 6 and runs 2 and 4 are examined. The VEB captured 8% more particulate mass in run 6 (9.1 m release distance) than in run 1 (5.2 m release distance). It captured 9% more particulate mass in run 4 (17.4 m release distance) than in run 2 (5.2 m release distance). In both cases, a further distance between the discharge tunnel and the buffer resulted in a higher VEB capture efficiency under the same atmospheric conditions.
However, these results are not complete and should be considered preliminary.
Plume Structure
During each run, between 170-270 lidar scans were collected for each slice.
Typical scans are shown in Figure 10 . The scans taken throughout this campaign clearly show small individual plume structures intermittently lofting high into the atmosphere, well above the VEB or any ground-based measurement height. These observations are consistent with those reported in Prueger et al. (2008) and Holmén et al. (1998) sources. Extended sources can be expected to be considerably more complex.
Comments on the Measurement Technique
This paper outlines methodology to estimate spatially-resolved particulate concentrations and emission rates using lidar and applies these estimates to determine VEB capture efficiency. The VEB exhibited a wide range of efficacy, capturing 21-74% of particulate mass. The observed capture efficiencies compare with the reported range of 35-68% in the existing literature (Table 1) . This agreement provides confidence that the lidar technique for estimating emission rates is effective, at least to first order.
The lidar technique provides reliable estimations of emission rate with an uncertainty of 20%. As the wind speed uncertainty contributes the most to the overall uncertainty, the use of spatially resolved wind profile measurements would significantly improve the accuracy of the estimate. In addition to estimating the capture efficiency, the lidar technique can effectively estimate plume transport further downwind of the source, when crosswinds and lofting make it difficult to obtain point measurements. We note that this method can also be applied to the estimation of emissions of any chemical species given a lidar capable of measuring that species.
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CONCLUSIONS
The methodology presented here is a reliable technique for estimating emission rates under complex flow regimes. The method was applied to determine the capture efficiency of a VEB, as documentation of VEB efficacy is currently lacking.
The results of this study indicate that a VEB can effectively capture between 21
and 74% of PM transported through it, depending on atmospheric conditions. Higher capture efficiency is observed at night, during stable atmospheric conditions with low TKE. However, the same conditions may discourage lofting and consequently result in more odor nuisance to downwind neighbors. Conditions associated with low capture efficiency (daytime, unstable, and high TKE) may encourage lofting and dispersion.
Capture efficiencies exhibited a slight relationship with the particulate release distance from the VEB. Due to the limited number of runs performed and the varying atmospheric conditions associated with each run, only two pairs of runs were available with similar atmospheric conditions and different release distances. Under both situations, a further release distance yielded greater capture efficiencies.
The results of this experiment show that a VEB is an effective mitigation strategy for capturing particulate matter which often transports malodorous compounds. Even during its worst performance, the VEB captured 21 % of particulates, and at its best, it captured 74 %. We hope these results will provide farmers with some assurance that the technology many of them are interested in implementing (or have already implemented) is in fact effective. 
APPENDIX
